Background: Utilize quantitative computed tomography (QCT) to detect and evaluate the severity of lung injury after successful cardiopulmonary resuscitation (CPR) in a porcine cardiac arrest (CA) model with different downtimes.
Introduction
Increasing numbers of patients suffering from cardiac arrest (CA) have achieved successful restoration of spontaneous circulation (ROSC) after early and effective cardiopulmonary resuscitation (CPR) (1, 2) . However, many studies have also shown that the total morbidity of lung injuries after CPR remains high, ranging from 21-97% (3, 4) .
The American Heart Association (AHA) guidelines increased the compression depth requirement of CPR to at least 50 mm after 2010 (5, 6) . Accompanying the need to exert physical force on the victim's chest is the risk of lung injury (7) . Lung injury is frequently observed related to CPR, with pathological characteristics such as pulmonary hemorrhage, pulmonary edema, and atelectasis (8, 9) . Improper mechanical ventilation may convert the mechanical injury to biotrauma, activating the intracellular signal pathways and exacerbating local inflammation caused by inflammatory mediators in the lung (10) . Moreover, as the active substances in metabolites pass through or remain in the lung, the damage of respiratory membrane function is aggravated. Furthermore, during the inflammatory cascade generated by lung ischemia-reperfusion, the inflammatory cells infiltration and a large amount of red blood and inflammatory cell exudate exacerbates lung injury (11, 12 ). An imbalance between systemic and pulmonary circulation during CPR can also cause lung injury (8, 9) . Given that early intervention, for example pharmaceutical therapy, or applying protective ventilation and optimal positive end expiratory pressure (PEEP), has been shown to be beneficial for lung injury (13, 14) , early detection of victims with or at risk of developing acute lung injury after CPR is critical (13) .
Despite that blood gas analysis and chest X-rays are commonly used to evaluate lung injury in a clinical setting, those methods do not detect early and quantitatively the severity of lung injury after successful resuscitation from CA (9) . Quantitative computed tomography (QCT) can measurably evaluate lung lesions, and is often used for lung function assessment of emphysema, severity of pulmonary fibrosis, edema, and other conditions (15) (16) (17) (18) (19) (20) (21) . However, to our knowledge, there are no studies of QCT for the assessment of lung injury after successful CPR. In addition, the correlation between downtime and lung injury has not been thoroughly clarified (22) .
In the present study, we used QCT to investigate the severity of lung injury after successful CPR in a porcine CA model with different downtimes.
Methods
This is a prospective, randomized and controlled experimental study. Twenty-one male domestic pigs weighing 38±3 kg were randomized into three groups: The sham (n=5), VF5 (n=8), and VF10 (n=8) groups. The animal experiments were approved by the Institutional Animal Care and Use Committee of the Tang Wanchun Laboratories of Emergency & Critical Care Medicine at Sun Yat-sen Memorial Hospital, Sun Yat-sen University (IACUC-SYSU -P1604).
Animal preparation
Animals were fasted overnight, but had free access to water. Anesthesia was initiated by intramuscular injection of ketamine (20 mg/kg), followed by intravascular injection with sodium pentobarbital (30 mg/kg). A cuffed endotracheal tube was introduced into the trachea and a VELA ventilator (CareFushion, California, USA) was used with a tidal volume of 10 mL/kg body weight, peak flow below 40 L/min, and FiO 2 of 0.21. End-tidal carbon dioxide pressure (ETCO 2 ) was measured using the capnometer module of a BeneView T5 patient monitor (Mindray, Shenzhen, China), and respiratory frequency was adjusted to maintain an ETCO 2 between 35-45 mmHg. Body temperature was maintained at 37.5±0.5 ℃ throughout the entire experiment. For the collection of blood samples and the measurement of aortic pressure, a 6-F catheter was inserted into the thoracic aorta through the right femoral artery. A 7-F Swan-Ganz TM TD catheter (Edwards Life Sciences LLC, USA) was advanced from the right femoral vein into the right atrium to measure core blood temperature and right atrial pressure. A 5 F pacing catheter (EP Technologies Inc., Mountain View, CA, USA) was placed from the right external jugular vein into the right ventricle. An ECG was monitored during the experiment.
Experimental procedures
Baseline (BL) measurements were obtained fifteen minutes prior to inducing ventricular fibrillation (VF). VF was confirmed by both the ECG waveform and the rapid decrease to 20 mmHg in arterial blood pressure. VF induction and CPR were not performed in the sham group. VF was electrically induced and mechanical ventilation was discontinued after the onset of VF. After untreated VF was maintained for either 5 or 10 minutes for the respective groups, two researchers initiated a two-person manual CPR according to the 2015 AHA guidelines (6) . Two minutes after the initiation of CPR, a bolus of epinephrine (20 μg/kg) was administered. Six minutes following CPR, a single 120-J biphasic shock was used to attempt to terminate VF. If an organized rhythm with a mean aortic pressure of >50 mmHg persisted for 5 minutes or more, the animal was regarded as ROSC. If there was a failure of ROSC, CPR was immediately resumed for 2 minutes prior to the attempt of a single second shock. The procedure was repeated for a maximum of 5 cycles. Additional doses of epinephrine were injected at 4-minute intervals after the first injection. If ROSC was not gained, the resuscitation efforts were abandoned.
After resuscitation, all animals were monitored for an additional 6 h. Mechanical ventilation was maintained with 100% inspired oxygen for the first 30 minutes. The oxygen was reduced to 50% for the following 30 minutes, and to 21% thereafter. After 6 h of post-resuscitation care, the animals were transported to perform CT scans.
General measurements
All hemodynamic data were continuously recorded through a data acquisition system supported by Windaq hardware/software (Dataq Instruments Inc., Akron, OH, USA). Arterial blood gas (ABG) was measured at BL and 6 h after resuscitation (ROSC 6 h) with a handheld blood gas analyser (model CG4 + Cartridge, Abbott i-STAT System, Princeton, NJ, USA). Oxygenation index (OI) was calculated as follows, according to ABG analysis: OI = PaO 2 /FiO 2 .
CT scan protocol and QCT
Chest QCT scans were performed before the animal preparation (BL scan) and 6 hours after ROSC with a 128-slice CT scanner (Siemens Medical Solutions, Germany). The scan protocols were as follows: 120-kVp, 110-mAs, collimation width of 128×0.6 mm, pitch of 0.95, field of view 255 mm × 255 mm, rotation time at 0.5 s/r, slice width of 0.75 mm, no intervals, and reconstructed with B70s kernel. The total time of the QCT image acquisition was approximately 4.9 seconds.
Lung lesion QCT scores were evaluated by two experienced thoracic radiologists according to established methods (23, 24) . All images were observed with settings optimized for lung evaluation [window width 1, 200 Hounsfield units (HU), window level, −600 HU]. Images in 5 levels were evaluated: aortic arch, 1cm above the dome of the right hemidiaphragm, and 3 additional levels equally divided between these two levels. At each level, lungs were segmented into anterior and posterior areas by drawing a horizontal line across the middle of the image, generating four quadrants of analysis per level (23) . Lung lesions were quantified in each quadrant per level, including intense parenchymal opacification (IPO) and groundglass opacification (GGO), with a range of involvement for each sample being assigned a numerical score as follows: 0= normal, 1= <5% involvement, 2= 5-25% involvement, 3= 26-49% involvement, 4= 50-75% involvement, and 5= greater than 75% involvement (23) . The scores of the four quadrants were grouped into the total score for each level, and the scores ranged from 0 to 20. The five-level scores were summed to calculate the total lung score (23) .
The volume and weight of lung lesions (GGO and IPO) were quantitatively measured on QCT images following previously described methods which classify lung regions according to the degree of aeration as measured by (HU values (15) (16) (17) (18) (Figure 1 ). GGO was defined as poorly aerated regions with CT values ranging from −500 to −100 HU, and IPO was defined as non-aerated areas with CT values greater than −100 HU, and those between −900 and −501 HU were normally aerated (15, 18) . The volume of the GGO and IPO lesions was calculated by volume measurement software (Siemens syngo MultiModality Workstation) based on the range of CT values of the lung lesion. The weight of the lesions was also quantitatively calculated according to the equation previously described {lung tissue weight ROI = total volume ROI × [1 − (mean CT ROI /−1000)]} (18, 25) . Term total volume ROI refers to total lung volume (including normal and abnormal lung tissue), and the mean CT ROI represents the average lung density in HU within each ROI. The lung tissue density was regarded as 1 g/mL in the equation.
Histopathology
All animals were sacrificed after the QCT scan. The removed lungs were rinsed in saline and fixed in a 10% neutral formaldehyde solution. They were then sliced into a 1cm thickness. Specimens were taken from different parts of each lung, including GGO, IPO, and areas without obvious lesions. The specimens were embedded in paraffin, and sections 4.5 μm thick were prepared and stained with hematoxylin and eosin for pathological observation.
Statistical analysis
All data were analyzed with SPSS 13.0 for Windows (SPSS, Chicago, IL, USA). Continuous variables were presented as mean ± SD if data were normally distributed, and categorical variables as count and percentage. Continuous variables were compared (pair-wise) between the three study groups with Student's t-test. Changes between the baseline and after resuscitation were compared using Student's paired t-test. ANOVA with Scheffe's adjustment for multiple comparisons was used among the three groups (the sham, VF5, and VF10 groups). For the comparison of categorical variables, Fisher's exact test was used. A P value of <0.05 was regarded as statistically significant.
Results

Baseline physiology, CPR outcome, and ABG
Eight animals in the VF5 (8/8, 100%) group and six (6/8, 75%) in the VF10 group were successfully resuscitated. Two animals (2/8, 25%) in VF10 group failed to resuscitate. There were no significant differences in the baseline physiological conditions among the three groups ( Table 1) . No obvious differences in PH value, PO 2, or OI were observed among these groups at baseline or 6 hours after resuscitation ( Table 1) . Compared with the VF10 group, a significantly shorter duration of resuscitation, fewer defibrillations, and fewer epinephrine doses were observed Table 2) .
QCT findings
The baseline QCT scans of all animal models showed that their lungs and skeletal thoraxes were normal. However, chest QCTs showed that all animals in both the VF5 and VF10 groups were found to have GGO and IPO at ROSC 6 h (Figure 1) . The GGO was diffusely distributed in the bilateral lungs (most prominent in the lower lobe), which displayed uneven density with blurred edges, and did not show characteristic "wing-like" distributions of cardiogenic pulmonary edema. The bronchial and pulmonary vascular markings were seen in the GGO area on QCT images (Figure 1) . The IPO was mainly distributed in the lower dorsal region of bilateral lungs, which were well defined with uniform density. The pulmonary vascular markings did not show in the IPO area on QCT images (Figure 2) .
In addition, rib fractures were observed in both VF groups, which were more common in the bilateral thirdsixth anterior ribs, and two cases of hydrothorax in the VF5 group and two cases of hydropericardium in the VF10 group were detected (Tables 3 and 4) .
QCT measurement
The GGO QCT score, volume, and weight were significantly higher in the VF10 than those in the VF5 group at ROSC 6h (P=0.002, 0.001, and 0.002 respectively). No significant differences were found between the two VF groups for IPO QCT score, volume, or weight after resuscitation (P=0.354, 0.447, and 0.512 respectively) (Figure 2 ).
Histopathology
The hemorrhage and consolidation area was observed in the lungs of the VF groups on gross pathological examination. Microscopically, histopathological changes of lung injury were observed in both VF groups. Pathological changes such as neutrophils and erythrocytes in the alveolar space and alveolar walls, exudate and fibrin-like fillers in the alveolar space, and formation of hyaline membranes were noted in the GGO areas. The IPO areas showed collapse or disappearance of alveoli, a significant widening of the alveolar septum, and the obvious presence of red blood cells in the alveolar cavity and interstitial spaces pathologically. There were no histopathological changes in the sham group (Figure 3) .
Discussion
In the present study, QCT was first utilized to promptly and quantitatively detect lung injury, and then to evaluate its severity after successful resuscitation in a porcine CA model with different downtimes (5 and 10 mins). All the animals in both VF groups were found to have GGO and IPO in QCT images after resuscitation. Moreover, the QCT score, volume, and weight of GGO were significantly higher in the VF10 group than the VF 5 group while there were no differences in IPO between the two VF groups. Histopathological results provided further evidence for the QCT findings.
The Berlin definition for acute injury and acute respiratory disease syndrome (ARDS) was OI ≤300 mmHg (26) . Acute lung injury (ALI)/ARDS is a rapidly progressive pathophysiological process, and often is the main reason for ICU admission (13) . In the present study, we found that there were no significant differences in OI among the three groups (Sham, VF5, and VF10 groups) at 6 h after resuscitation, but obvious GGO and IPO changes on bilateral lungs were detected by QCT in both VF groups at 6 h after ROSC, which were histopathologically confirmed. Therefore, we speculate that QCT is a more sensitive method for the early detection of lung injury than OI. Lung injury is detected as GGO and IPO on a QCT scan. GGO is considered to be a manifestation of pulmonary edema, which is usually found in pulmonary tissues of hemodynamic dysfunction, toxic injury, or embolism (27, 28) . Pulmonary edema is a very common pathological characteristic of lung injury following CPR, and severe pulmonary edema is a major cause of failing lung function, which is correlated with a poor long-term prognosis (29, 30) . In our study, GGO was found in the QCT images in all animals of both VF groups at 6 hours after ROSC, and histopathological results confirmed that the GGO area in QCT scans was pulmonary edema. The GGO lesions were diffusely distributed with blurred edges, and did not show characteristic "wing-like" distribution of cardiogenic pulmonary edema. Cho et al. also found similar results in 44 patients who underwent CT scans after CPR (9) . Additionally, in a study by Wang et al. (30) where twenty-eight pigs were randomized into three groups, it was found that extra-vascular lung fluid significantly increased in a continuous compression group compared to a 30:2 compression/rescue ventilation CPR group (30) . This suggests that a long-term CPR can aggravate pulmonary edema. We also found that the animals in our VF5 group required a significantly shorter duration of CPR, and the GGO QCT score, volume, and weight in the VF10 group was significantly higher than in the VF5 group. These results illustrate the more serious pulmonary edema in the VF10 group. A longer duration of CA downtime means a lower success rate of resuscitation and a longer time of organ ischemia, which brings about a more serious lung injury after resuscitation (31) . Therefore, the presence of pulmonary edema may be associated with CA downtime.
IPO was a reflection of physical injuries after CPR and defined as an obvious increase in lung opacity on the QCT images, which was pathologically confirmed as the collapse or disappearance of alveoli, a significant widening of the alveolar septum, and the obvious presence of red blood cells in the alveolar cavity and interstitial spaces (30) . IPO was found on the QCT images in all animals of both VF groups after ROSC, and the IPO area in QCT was pathologically proven in our study to be pulmonary atelectasis and pneumorrhagia. QCT score, volume, and weight of IPO were not significantly different between the VF5 and VF10 groups. This implies that the presence of IPO was not associated with the downtime of CA. The mechanism of pulmonary IPO after CPR has not yet been defined; however, chest compression is a risk factor for IPO. Beom et al. suggested that an increased length of CPR administration is a risk factor for the development of pneumorrhagia (32) . Markstaller et al. used dynamic CT to assess the effects of chest compression during CPR on alveolar recruitment and hemodynamic parameters in a porcine VF model (33) . They found that cyclic collapse and recruitment of lung parenchyma likely caused a variation in the shunt fraction over time and the impairment of gas exchange, which subsequently led to atelectasis. Early quantitative assessment of lung injury contributes to ventilation strategy management, and can reduce ventilator-induced lung injury risks (34) . Klapsing et al. used QCT to quantitatively measure the volume of lung lesions in 10 mechanically ventilated patients with mild to moderate ARDS. They found that QCT can identify patients with high rates of lung overdistension under high airway pressure, and may help initiate early lung protection strategies to reduce airway pressure and reduce the risk of lung injury from ventilators (34) . Chen et al. used QCT to assess an oleic acid-induced canine ARDS model, and found that QCT parameters, particular percentages of nonaerated lung areas, as well as mean CT attenuation values and tissue mass, can detect ARDS with high sensitivity and specificity at an early stage. This provides assistance for the early diagnosis of ARDS (35) , which may be of clinical relevance in a mechanical ventilation setting.
Rib fractures were observed in both VF5 and VF10 groups, and the results are similar to those of Kim et al. (36) .
Other thoracic injuries such as pneumothorax, hydrothorax, and hydropericardium observed in VF groups should also be noted, since these thoracic injuries may also affect resuscitation outcomes.
There were several limitations to the present study. First, a healthy porcine model does not always indicate the real conditions of human patients in a clinical setting. Second, our QCT scans only reflected the changes at 6 hours after ROSC, without dynamic observation of the progression of lung injury. Third, this is a small sample size study and that may have an effect on some results.
Conclusions
Lung injury is a common complication after resuscitation, and more severe lung injury results from prolonged CA. QCT analysis enables unique non-invasive assessments of different acute lung injuries (IPO and GGO lesions) that can clearly distinguish heterogeneous lesions and allow for early detection and quantitative monitoring of the severity of lung injury following CPR. QCT may provide a basis for clinical early ventilation strategy management after CPR.
